NASA Technical Memorandum 100077 


Sources and Levels of Back- 
ground Noise in the NASA 
Ames 40- by 80-Foot Wind 
Tunnel-A Status Report 

Paul T. Soderman, Ames Research Center, Moffett Field, California 


May 1988 


iuasa 

National Aeronautics and 
Space Administration 

Ames Research Center 

Moffett Reid, California 94035 




SUMMARY 


.... , Background noise levels have been measured in the NASA Ames Research Center 40-by 80-Foot 
Wmd Tunnel following installation of a sound-absorbent lining on the test-section walls. Results show 
that the tan-dnve noise dominated the empty test-section background noise at airspeeds below 120 knots. 
Above 120 knots airspeed, the test-section broadband background noise was dominated by wind-induced 
dipole noise (except at lower harmonics of fan blade-passage tones) most likely generated at the micro- 
phone or microphone support strut. (Certain tones in the acoustic spectra were probably generated bv the 
microphone support strut.) Third-octave band and narrow-band spectra are presented for several fan 
operating conditions and test-section airspeeds. The background noise levels compared well with pub- 
lshed in-flow background noise from other wind tunnels. The data suggest that background noise levels 
can be reduced by making improvements to the microphone wind screen or support strut. Empirical equa- 
tions are presented that relate variations of fan noise with fan speed or blade-pitch angle. An empirical 
expression for typical fan noise spectra is also presented. Fan motor electrical power consumption is 
related to the noise generation. Preliminary measurements of sound absorption by the test-section lining 
mdieate that the 152-mm thick lining will adequately absorb test-section model noise at frequencies above 
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NOMENCLATURE 

fan hub diameter, m 
fan tip diameter, m 
number of fans in a system 
frequency, Hz 

characteristic dimension of vortex shedding body, m 

sound pressure level in frequency band with center frequency f, dB re 2x1 O' 5 Pa 
overall sound pressure level, dB re 2x10*5 p a 

sound power level in frequency band with center frequency f, dB re 10* 12 Watt 

Mach number of test-section flow 

fan rotational speed, revolutions per minute (rpm) 

Strouhal number 

wind speed in test section, knots or m/s 
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Ufiow average axial airspeed through the fan section, m/s 


U rot fan rotational tip speed, m/s 
U t jp resultant velocity at the fan tip, m/s 

(3 blade pitch angle between chord line and rotor disc measured at 3/4 radius, deg 

A(3 change in fan blade pitch angle, deg 
AdB change in sound level, dB 

INTRODUCTION 


The NASA Ames Research Center 40- by 80-Foot Wind Tunnel (40 x 80) has been used for 
numerous aeroacoustic studies of aircraft models such as those described in references 1-3. Because of 
the recent installation of a 152-mm thick sound-absorbent lining on the test-section walls (refs. 4 and 5), 
the use of the facility for acoustic research will increase. Potential users of the facility require two key 
pieces of information to properly plan an aeroacoustic wind tunnel test: a) the anechoic properties of the 
test section, and b) the background noise of the test section. The first item will be touched on briefly 
and, it is hoped, will be the subject of a future acoustic calibration. The second item, the background 
noise, is the primary subject of this report. 

A test was conducted to document the test-section noise floor, which is the minimum background 
noise of the test section with all struts and test hardware removed except for the microphone and its sup- 
port strut. Data were acquired over a broad range of wind speeds and drive-fan operating conditions. In 
reality, the noise floor will change over time as modifications are made to the facility, and as improvements 
are made to the microphone nose cone and strut design. Thus, this is a status report on the continual effort 
to improve the acoustical characteristics of the wind tunnel. Results of our tests are compared with data 
from other wind tunnels in this country and abroad. 


FACILITY, APPARATUS, AND INSTRUMENTATION 


Wind-Tunnel Circuit 

The Ames Research Center 40- by 80-Foot Wind Tunnel is a closed-circuit wind tunnel with a 
closed test section as shown in figure 1(a) and (b). The attached 80- by 120-Foot Wind Tunnel uses the 
same drive fans as the 40 x 80, but is sealed off when the 40 x 80 is operating. Six 40-ft diameter fans 
(driven by electric motors) are located in the drive section in two horizontal rows of three fans each as 
shown in figure 2(a) and (b). Table 1 lists the geometric and operating characteristics of a single fan. The 
variable-speed, variable-pitch fans can be operated from 0 to 180 rpm with blade-pitch angles from -18° to 
52° relative to the fan disc. The maximum mass flow results in an airspeed of approximately 300 knots in 
the 40 x 80-ft test section. The wind tunnel performance is described in reference 6. 

The 24-m long test section is connected to the settling chamber by an 8 to 1 area contraction. The 
test section has 12-m wide flat floor and ceiling sections, and semicircular walls that create a test section 
12-m high and 24-m wide at the widest point (40 x 80 ft) . Eight vortex generators are located near the 
diffuser entrance to stabilize the diffuser flow (ref. 7). The vortex generators are mounted in pairs as 
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shown in fjjpre 3 so as to create vortex pairs of opposite rotation direction. Each flat-tip vortex generator 
is shaped Uke a 1.10-m span semispan wing mounted perpendicular to the duct wall. The airfoil sections 
are Clark-Y sections with 3.30-m chords. The angle of attack of each vortex generator is 15° There is no 
screen or honeycomb in the circuit. ' 

^f‘ sectl0n ' valls > exclusive of the floor, are lined with a 152-mm deep sound-absorbent lining 
composed of fiberglass bats wrapped in cloth and covered with a 40% open-area perforated steel plate as 8 
shown in figure 4(a) and (b). The floor lining is similar, but contains a 38-mm thick steel grating ? for sup- 
port of personnel and equipment, that leaves a 1 14-mm thick fiberglass layer below the grating. The grat- 
is CV t!7 ?' 6 m C u r °,r S s 5 eai J 1 ^ d ever y 3 0 m streamwise by structural members attached to 

?Jf ^f“S? oor * J he . °r Wer hatf ° f ^ ach Slde - wal1 contains ^ a 1 ™ 01- plating, portions of which are 
1 6-mm or 32-mm thick, for personnel protection. The fiberglass lining is correspondingly thinner than 

tho .f “!“*• The acoustic lining can be penetrated for attachment of struts and other hardware 
to the steel walls of the wind tunnel if necessary. Table 2 lists the relevant acoustic specifications of the 

made b^Renn^onrct^^ (ref^8) mm8 dCSlgn 15 ° n aC ° UStiC Hning P erfbnna ^ da ta and predictions 

The sound absorption of the lining shown in figure 4(a) is fairly good above 300 Hz-as mieht be 
expected from a 152 -mm thick lining. The absorption data were acquired by measuring impulsive sound 

u ? atChe , ° f ^ Uning in the ARC 7 ‘ ^ 10 - Foot Wind Tunne l as described in refer- 
ence 5. Although a few pulse reflection measurements were made of the lining installed in the 40 x 80 
that confirmed the patch-test results, detailed measurements have not been made of the test-section 
anechotc properties. Thus, local reflections from hinges, windows, comer vanes, vortex generators or 
other hard points have not yet been identified. Nor have flow effects on the installed lining absorption 
been investigated The patch-test measurements (ref. 5) showed a reduction of sound absorption with 
2 reduC0On mcorporated in the absorption curve in figure 4(a) for a nominal airspeed 

thP tin™ n diam f S turT ? table c . overi ng a six-component balance system is located in the center of 

£ rS ^ Although a vs f et y of mounting systems are available, a typical aircraft model would 

!*?, °T! e ? t0 tbree struts connected to the balance-two struts under the wing and one under the tail. The 
tail strut telescopes to vary aircraft angle of attack, and the turntable notates to simulate aircraft yaw The 
wing and tail struts are typically 6-m tall and are protected from the wind by fairinaSsSil s 
are potential sources of wind-generated noise. A few acoustic spectra were obtained with two struts and 
fairings in place for comparison with the empty test-section data. 


Microphones and Support Struts 

u t 133 (1/2 inch ) diameter condenser microphone used for this study is robust 

and has a fairly uniform frequency response between 6 Hz and 15 kHz with the B&K bullet-shaped nose 

nhone t ^ hed ‘ nos ^f one mak ® s the microphone reasonably omnidirectional. To hold the micro- 
phone, a long slender tube was used. Glover and Shivashankara (ref. 9) showed that long slender 
microphone holders generated less wind noise than other bulkier designs. 8 

n „ ° f mjcmphone support strut is critical to minimizing the induced wind noise Fie- 

aSx-i d b - h ° W tnp ? d - strut used for this stud y- The strut had a constant chord NACA 0015 8 
anfoil cross section and was designed to be quite rigid in strong winds. This may have led to excess flow 

sfon e sSfon. he JUnCtl ° n ° f the Slde braces md main strut > as wil1 he discussed in foe Results and Discus- 

Generally, a tapered strut with a standaid NACA airfoil shape such as NACA 00 1 5 is preferred 
over a constant chord strut, but a tapered strut was not available for this study. A tapered struf has 
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strength low on the strut where the bending moments are highest, which * 

small cross section near the microphone to minimize acoustic reflections. AnNACA ^^ will mriimize 
flow separation and vortex shedding that might otherwise occur on blunt oval tubmg for example 
(ref. 10). However, in certain Reynolds number flow regimes, vortex shedding tones can still be gener- 
ated on NACA airfoils (ref. 11), even with tapered struts, as < iemonstrated by Schhnker < et al . (re . ). 

In that case boundary-layer trips can be used to defeat the coherent vortex shedding. The trip can be as 
simple as sticky tapeturned inside out and attached to the strut leading edge-a method used in this study in 
an attempt to eliminate certain tones in the acoustic spectra. 

Figure 6 shows the two microphone stations used in the test section-stations #1 and #2. Most of 
the data were acquired at station #1 , which was in the forward part of the test section just downstream of 
the acoustic-lining leading edge. To examine noise sources in the diffuser, the microphone and strut were 
moved downstream to station #2 during part of the study. 


Instrumentation and Data Reduction 

The microphone and preamp in the test section were connected to a power supply and amplifier in 
the control room adjacent to and below the test section. The data were recorded on an analog tape 
recorder. Selected channels were digitized and reduced on-line m the frequency i< ?^; h 2 e ^ t u ^ e °! n a 
data were then digitized and reduced later from the analog recordings using a GR 1995 third-octave ana- 
lyzer and an HP 3562A narrow-band spectrum analyzer. The narrow-band spectra were reduced to a 
1-kHz 10-kHz 20-kHz, or 50-kHz maximum frequency range, which results m constant bandwidths ot 
1 25 Hz, 12.5 Hz, 25 Hz, and 62.5 Hz, respectively. A Hanning window was employed to minimize 
leakage during the FFT process. The broadband sound levels vary with bandwidth and, therefore^ are not 
presented as tree power spectral density (PSD). The broadband sound levels can be corrected to PSD by 
subtracting lOlogAf from the data plots, where Af is the filter bandwidth for the particular frequency 
range Tone levels are unaffected by filter bandwidth if they are 10 dB above the broadband level in the 
band. If tone levels are less than 10 dB above the broadband noise, die app^ent tone level will be higher 
than would be represented in a PSD plot. Note that the data recorded 0-1 kHz are close to PSD data 
because the 1.25-Hz bandwidth is close to the 1.0-Hz bandwidth of PSD. Because of a DC bias in the 
narrow-band analyzer, the data below 10 Hz are not shown. 


RESULTS AND DISCUSSION 


Narrow-Band Spectra 

When this study was initiated, there was a 13-m span by 0.6-m chord aerodynamic survey wing 
mounted on two struts in the test section, as shown in figures 4(b) and 7. The wing supported various 
probes for fluid-mechanic measurements (ref. 6). The survey apparatus generated flow-induced _ tones as 
shown in typical narrow-band noise spectra illustrated in figure 8, that were obtained with and without the 
survey apparatus installed. Assuming that the tones near 300 and 900 Hz are related to a vortex-shedding 
mechanism, a common noise source in wind tunnels (ref. 10), the shedding frequency is given by. 


f = St U// = 0.20 U// 


( 1 ) 


A Strouhal number of 0.20 was assumed based on the work of Schlinker et al. (ref. 12), who showed 
that the vortex-shedding tone from cylinders correlated well with that Strouhal number. For a frequency 
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of 156 knots, equation (1) leads to a characteristic dimension, /, of the vortex- 

g CqUa L° l 4 ? m * ™ at dimension corresponds to the cross-stream distance between vortex- 

S trouh af nnmhpr n^rni 1S C -° SC l ° 2® SUpport strut tip extension diameter of 62 mm . (A 
Strouhal number of 0.23 would have given perfect agreement between the predicted and measured^ bodv 

dimension.) Hence, the exposed 203-mm long cylindrical stmt tips supporting the survey wing are the Y 
hkdy source of the tone at 300 Hz. The survey wing itself, which had a 51-nL thickSS filing 
edge, was also suspected to be a vortex shedding body. However, the wing chord-based Refolds num- 

ber of 3.3x10 is beyond the range of coherent vortex shedding of conventional airfoils according to the 
work of Paterson et td (ref. 13) (unless the Buncation forces vortex shedding at high Re™X numbSl 

fhl^no h ° d for ±e vanous strut fairings. The tone near 900 Hz was probably a harmonic of’ 

H8 f ince . no com Ponent on the survey rig was identified with the appropriate dimension 

fron^tS Support sm!ts baSed ° n (1) ‘ No attempts were made to eliminate the vortex shedding 

The empty test-section (survey wing and stmts removed) background noise data for a ranee of air- 
speeds are given in figure 9(a)- (h). The data were measured at the forward microphone station #1 Nar 
row-band data from 10 to 20 kHz are presented to illustrate the details of the backhand " 

S > p rn2l 0na hird '° CtaVe ba P d data will be presented later. The spectra are similar to each other in that all 
the curves are maximum at the low-frequency end of the spectra because of the fan-drive noise followed 
by a gradual decrease in broadband noise as frequency increases. Figure 10(a)-(i) illustrate background 
noise data analyzed from 10 to 1 kHz to highlight the low-frequency noise. The blade-passage frequency 
of th e fan noise is 45 Hz for 180 rpm fan speed, with harmonics at multiples of 45 Hz, whiclfcan be y 
identified out to the third or fourth harmonic in figure 10(e). These tones appear to dominate the test-sec- 
tion low-frequency noise at most airspeeds and fan operating conditions. 

TT T ?" e | /! n P t related to fan drive were also generated. Figure 9(b), for example shows a tone at 

5 1 ’ Whlch projects about 14 dB above the broadband noise.’ Using equation 

(1), the estimated body dimension responsible for vortex shedding at that frequency would be § l 2mm 

There were no wires in the airstream anywhere in the test section. No cavities or cracks in the test-section 
walls could be found generating tones. There were small protuberances such as bolt studs at various 

pa p es ? n th P waUs ’ bat such sma11 aerodynamic bodies would probably be incapable of creating a strong 
tone unless the disturbance was very close to the microphone. It is suspected that the tone came from the 

-r p r S 2 Jt; possibly at tbe j“? ction of the two support stmts and main stmt shown in fi - 5(b) 

Data taken in the same test section five years ago with the same type microphone and n£e cone but w kh a 

" 0t eXWbU PaniCUlar •" ~ ^ — - p^eS'a b S U r h a 

cnee/t mcrease d> Jie strut tone frequency increased as predicted by equation (1) until an air- 

peed of 136 knots was reached-at which point the tone disappeared. Since coherent aerodynamic dis- 
turbances are Reynolds-number sensitive, it is likely that the higher Reynolds number flow caused the 
coherent structure of the disturbance to break down into a random flow. At 136 knots, the chord-based 
Reynolds number of the stmt was 9.27xl<>5. It should be noted that attempts were made to eliminate the 
uh^rane? PPin tf, the boun ^ ar y. 1 ayer at the stmt leading edges, and to fill inall screw heads and other pro- 

. . . , I 7 gure 9 < e ) sh p ws that a strong tone developed at 19.5 kHz and 148 knots airspeed that was nnre 

G1 ° V x erand S , hi ''“ ha " k ^ fref, 9) dtaSlSSKSST 
self ^fif d 2! h ^ s ° using a B& K microphone and nose cone. They attributed the tones to microphone 
Si ’ presumabl y su P p ose) caused by cavity resonance. They found that the tones vS from 
nose cone >o nose cone and also changed unpredictably because of changes ?" Z conSns S"es 
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were often attenuated by other noise sources. Thus, data falling near these resonance frequencies would 
be suspect. 

During one series of tests, the microphone was moved downstream near the diffuser inlet to inves- 
tigate possible noise from the diffuser vortex generators. Figure 1 1 is a comparison of acoustic spectra 
measured upstream (station #1) and downstream (station #2) of the test section center at 1 17 knots air- 
speed. The data indicate that the noise is slightly greater at the downstream station in the frequency range 
10 to 4 kHz. Furthermore, there are variations in the tone levels around 10-12 kHz, the tones previously 
identified as coming from the microphone strut junction. Although the fact that the tones changed when 
the microphone was moved closer to the diffuser suggests that the diffuser might be the source of the 
tones, a close examination of the data does not show a consistent trend; some tone levels increased, some 
decreased. Thus, the tones could very well have come from the microphone strut, which may have been 
slightly rotated relative to the free stream during the relocation from station #1 to station #2. A rotation 
would have changed the strut angle of attack, which would have affected the relative tone amplitudes. 

It is clear, however, that the low-frequency noise in figure 1 1, from 10 to 4 kHz, increased 
because of the microphone relocation and, therefore, did not come from the microphone strut. This data 
indicated that the low-frequency noise increase at the downstream station came either from the vortex gen- 
erators or from the fan drive as an upstream propagation. However, the vortex generators can be ruled out 
since other data (discussed in the next section) show that the drive fans are the dominant noise source at 
this airspeed. Furthermore, fan noise propagation upstream into the test section is the dominant acoustic 
path because vane set 6, the first comer vane set downstream of the fan drive, is the only vane set in the 
40 x 80 circuit that is acoustically treated (see fig. 12) and thereby attenuates fan noise propagating 
downstream. (The noise reduction of that vane set is shown in figure 13.) Since the upstream sound 
propagation will attenuate somewhat as it passes through the acoustically treated test section, the 
downstream microphone (station #2) should record higher fan-noise levels than the upstream microphone 
(station #1). 


Third-Octave Band Spectra 

To compare the 40- by 80-Foot Wind Tunnel background noise with that from other wind tunnels 
(as is done in the following section titled Comparison With Other Wind Tunnels), it is necessary to present 
the data in third-octave bands. Therefore, figure 14(a)-(h) illustrate the same empty test-section data of 
figure 9(a)-(h), but plotted in third-octave bands. The same trends observed in the narrow-band data are 
apparent in the third-octave bands, but the tonal resolution is poor in the third-octave band plots. 

By comparing noise levels measured in the test section with noise levels measured in the west leg 
between the fan drive and the first downstream comer, it is possible to draw some conclusions about the 
sources of background noise. Figure 15(a)-(d) show west-leg noise variations with test-section airspeed 
for three fan speeds: 90, 135, and 180 rpm. Overall noise levels and selected third-octave band levels are 
presented. Also listed on the curves is fan blade-pitch angle, which is the angle between the blade chord 
line and rotor plane at the 3/4 radius station. Note that at low speeds, it is possible to achieve a 10-20 dB 
noise reduction in the west leg at a given airspeed by operating the fans at low rpm and high blade pitch. 
This trade-off is discussed in detail in reference 14. To achieve airspeeds above 150 knots, the fan must 
be operated at the top speed of 180 rpm. 

The variation of test-section background noise with airspeed plotted in figure 16(a)-(d) have similar 
trends to the noise in the west leg (figure 15(a)-(d)), but with two important exceptions. First, the dif- 
ference between the low- and high-rpm noise in the test section is much smaller than was measured in the 
west leg. The curves tend to merge such that, as the airspeed approaches 120 knots, the test-section noise 
becomes independent of fan speed and depends solely on wind speed. Second, the noise in the test 
section increases with airspeed at a different rate than it does in the west leg. This latter point is shown 
more clearly in figure 17, which compares the west-leg and test-section noise for 180 rpm fan operation. 
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SfiwiA. thu ?'? ctave ^ are representative of spectral trends except for low-frequency blade-passage 
tones.) Although the west-leg noise is greater than test-section noise at low airspeeds the test-section 8 
noise * stronger at speeds above 120 knots. Thus, we can conclude that the faSe noise doStes the 

atSve^Tknols 1 Zl^i! 20 kn ° tS “S*® 4 but 801116 other noi se source dominates at speeds 
wLd £1 S fr ^ uenci6s - . 1316 ^ which the test-section noise increases with 

*S UrCC 1S u wind ' mduCed dipo,e in the test section or at the microphone 

f^nois^withbl^en^h en " 8 ^ ™ise variations in the wind tunnel : a) the variation of 

noise with blade pitch (fixed fan speed), b) the variation of fan noise with fan speed (fixed pitch) and 
c) the variation of test-section noise with airspeed. p { pucn; ’ ana 

. F an Noise vs Blade Pitch - To understand the fan noise characteristics, it is helpful to plot the fan 
sound power. The fan sound power was determined from the west-leg acoustic data Coming the 

ure ^showllhJfll S f 1 h th ° Se generated by l calibrated noise source in the fan section (ref. 14). Fig- 
ure 1 8 shows the fan sound power variation with airspeed on a semi-log scale. The maximum sound 8 

power was approximately 155 dB re 10-12 Watts. The solid lines in figure 18 correspond to fan operation 
at fixed rotational speed and variable pitch (pitch angles are noted above the data points)- the dashed lines 

n?2m nd t0 t 3 ” °P 6ratl0 [\ at , flxed blade pitch and variable rotational speed. The operation at 90 and 
135 rpm was stopped at a blade angle of 24° because of high current in the motor generator set. (The fans 

at 90 andTl 3 ? 2'iI‘ S e f StU ^-J d that ^ envelope could be expanded to approximately 30° blade angle 
at 90 and 1 35 rpm without modifications to the motors. Further expansion of the envelope at low rpm 

substantial modifications to the motor generator set. The variation of fan noise withTlade 
pitch (fixed rpm) over much of the fan operating range is: 

AdB = 0.3 Ap for 16° <= p < 38° 

( 2 ) 

AdB = 0.5 Ap for 38° <= p < =48° 

tTnnwith P f, iS thC ? ange ^ blade pitch angIe in Agrees. This is a weaker noise variation than the varia- 
on Wlt “ fan speed except near top speed where the tip is approaching stall. The weak effect of blade nitch 
thafthffhlaHpb 6 fa ? . de sign and resulting efficiency (ref. 14). The fan was designed with a high twLst so 
f«n t b !? d , WOuld have fairl y uniform fading at the maximum blade pitch angle of 52° and 
180 rpm (top test section speed of 300 knots). At low blade pitch, the tip is lightly loaded and vlv 

TTieTifn nd <L ° ad aS pil f b \ S ^creased. The fan efficiency versus mass flow curve is fairly flat 

The fan noise, therefore, vanes slowly with blade pitch as well. If blade pitch is increased to the noint 
where tip stall commences, the noise will increase sharply. It should be noted that equation (2) is an 
empincal equation that may not be valid for all fans since Ae noise is caused by S5dv blade 

oadmg, which depends not only on blade pitch but also on the details of fan design and flow conditions. 

fivwv. Fan nQise v§ fan rotational speed - The fan noise variation with rotational speed (fixed blade nitch) 
from condition 1 to condition 2, based on the data in figure 18, is given by: ^ P } 

AdB = 10 log (N 2 /N!)5.2 (3) 

Equation (3) is typical for fan noise, though exponents varying from 5.0 to 6 0 are often renorted and k 
sources on the blades. However, the uLLtion noi “variant whh atWd “ 
somewhat different than either equations (2) or (3) as illustrated by figure 17. P 

^vH„d Sr $t ' SeC ^° n l° ise vs air8p6e d ~ Figure 17 shows that the test-section noise above 120 knots 
(excluding very low frequencies) increased faster with airspeed than the fan noise did Bv plotting the 
test-section data on a semi-log plot (not shown), it was found that the nois^vS approx^ fs 
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(4) 


AdB = 101og(U2/Ui)6 

Thus, the test-section noise is created by dipole sources, which is a well-loiown acoustic source created by 
solid bodies in a moving stream. There are two reasons why the test-section noise increases faster than the 
fan noise above 120 knots airspeed: 1) in that regime, the fan is operated with fixed rotational speed and 
the fan noise variation with blade pitch (equation (2)) is weak, as discussed above, and 2) the airspeed 
changes much faster in the test section than at the fan blade. Above 120 knots, the fan is operated at a 
fixed 180 rpm and variable blade pitch. The resultant velocity (U t i p ) at the fan blade tip, the region of 

greatest noise generation, is given by: 

Utip = (U rot 2 + U flow 2 )0.5 (5) 

where U^t is the rotational speed modified by induced swirl and Uflow is th® axial airspeed. At 1 80 
rpm, U rot = 105 m/s, which is greater than the airspeed component. (The average value of Ufl ow is 
71 m/s at the top speed of the wind tunnel.) Thus, a large increase in test-section speed is associated with 
a small increase in the resultant velocity at the blade tip. Equation (5) can be used to show that a doubling 
of the test-section airspeed only requires a 10% increase in U^p during fixed rpm operation of the fan. 
Thus, the unsteady fan blade loading, which changes because of blade pitch and flow speed, increases 
slower than the test section dipole sources at test-section airspeeds over 120 knots. 

Fan electrical and acoustical power - It is interesting and logical that the fan operating condition for 
minimum noise is also the condition for minimum electrical power consumption. Listed on figure 1 8 are 
the electrical power consumptions of the drive motors in Mega Watts (MW) for the various operating con- 
ditions. At 75 knots airspeed, the 90 rpm operation required 4 MW, while the 180 rpm operation at the 
same airspeed required 7 MW. Obviously, the noisy condition is also an aerodynamically and mechani- 
cally inefficient operation. Another way to look at this is to consider acoustic efficiency, which is the 
acoustic power divided by the electrical power consumed. Using the data from figure 1 8 plotted in terms 
of acoustic efficiency, figure 19 shows that the fan is a more efficient noise source at high rpm than at low 
rpm. (Of course, we want low acoustic efficiency in this case.) Consider the 180 rpm curve. The high 
level at 25 knots airspeed is caused by partial blade stall at 0° blade pitch. As blade blade pitch is 
increased, the acoustic efficiency drops to a more-or-less constant value until the blade pitch reaches a suf- 
ficient angle such that the blade tip loading, steady and unsteady, becomes substantial. Under these con- 
ditions, the noise and acoustic efficiency rise. The large region of uniform acoustic efficiency is consistent 
with the fairly uniform aerodynamic efficiency of the fans in the same operating range. The low acoustic 
efficiency at low rotational speed is due to the strong dependence of fan loading noise, both steady and 
unsteady, on tip speed. 

The fan sound power levels were determined experimentally. In reference 14, it was shown that 
fan sound power can be predicted with an empirical equation based on compilations of data from many 
fans. The sound power in a third-octave band is given by: 

Lw(f) = -58.2 - 10 log [1+ (4.4 Qf/N) 2 ] + 10 log f + 40 log N + 70 log D t 

+ 10 log Q + 10 log F n + 0.3 P (dB re 10“ l 2 Watt) (6) 

where Q = 1 - (Dj-[ / D t )3. Equation (6) is valid for fan dimensions in meters. The overall sound power 
level is found by summing the acoustic power (Watts) in the third-octave bands. Figure 20 is a compari- 
son of the measured fan third-octave sound power spectrum and the predicted spectrum from equation (6). 
The spectrum shape indicates that both steady and unsteady loading noise sources were present. 
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Comparison With Other Wind Tunnels 

j Figure 21 (a) and (b) show noise levels from the 40-by 80-Foot Wind Tunnel compared with pub- 
lished data from four other wind tunnels-the DNW Wind Tunnel in Holland (ref. 9), the Langley 14- by 
22-Foot Wind Tunnel (ref. 15), the Ames 7- by 10-Foot Wind Tunnel No. 1 (ref. 16), and the RAE 
1.5 m Wind Tunnel (ref. 17). These wind tunnels were chosen because they are used for aeroacoustic 
research; many others could have been included. In-flow microphone noise in the 800 and 2500 Hz third- 
octave bands is shown. The data show a remarkable similarity. With the exception of the Langley 14- by 
22-Foot Wind Tunnel data at 800 Hz, all the data tend to have similar magnitudes and a similar variation 
with airspeed. Hence, most of the data follow a variation indicative of wind-induced dipole noise. 
The Langley wind-tunnel noise is dominated by fan noise, which is aggravated by inefficient fan perfor- 
mance possibly caused by tip stall (ref. 15). (Yu and Abrahamson, ref. 18, have proposed a scheme to 
rebuild the fan and thereby reduce the noise in the 14 x 22-ft test section substantially.) Since most of the 
data are similar to the 40 x 80 background noise, and since the 40 x 80 background noise above 120 knots 
has been traced to wind-induced noise in the test section, it follows that the mid- to high-frequency back- 
ground noise above 120 knots from the other wind tunnels (except the Langley 14 x 22) is probably 
dommated by wind noise and not by fan-drive noise or other sources (exclusive of lower harmonics of 
blade-passage noise.) Furthermore, since some of the data were taken in open-jet wind tunnels and some 
in closed-jet wind tunnels, boundary- layer noise on the test-section walls is not the source, which leaves 
the microphone and/or microphone strut as the likely source. (Boundary-layer noise is quadrupole in 
nature, in any case.) Struts are especially good noise sources when they span open-jet shear layers. 

Tnus, the noise floor of many current facilities may be controlled by the current technology in micro- 
phones, nose cones, and support struts. Since the 40 x 80 noise is slightly louder than the other wind- 
tunnel data, improvements in the microphone support strut used in this study should result in modest 
reductions m background noise. Further gains will have to await improvements at the microphone itself. 


CONCLUSIONS 


Measurements of background noise in the NASA Ames 40-by 80-Foot Wind Tunnel have shown 
that the fan-drive noise dominated the empty test-section background noise at airspeeds below 120 knots. 
Above 120 knots the test-section background noise was dominated by wind-induced dipole nois ; ('except 
at lower harmonics of fan blade-passage tones) most likely generated at the microphone or micropnone 
support stmt. Typical third-octave noise levels were between 85 and 95 dB for an airspeed of 148 knots. 
VtaT 6 1 20-knots airspeed, the noise varied approximately as airspeed to the 6th power Below 
120 knots, the noise depended on fan operating mode. Variable fan speed operation, fixed pitch, caused 
the noise to vary as fan speed to the 5th power. Variable pitch operation, fixed rpm, caused a noise varia- 
tion AdB = 0.3 Ap to 0.5 A(3, where A[3 was the blade pitch change. Certain mid-frequency tones in the 
acoustic spectra were probably generated by the microphone support strut. High-frequency tones were 
suspected to come from the microphone noise cone. Fan motor electrical power consumption had the 
jf"? e , tre " ds Wlth operating condition that the noise generation did; that is, high fan tip speed generated 
i^equation°(6) ^ power consum Ption. An empirical expression for typical fan noise is presented 

. The^ background noise levels compare well with in-flow background noise from other aeroacoustic 
wind tunnels. In fact, the noise comparisons suggest that a number of wind tunnels used for acoustic 
research in this country and abroad have similar in-flow background noise levels dominated by wind- 
induced noise near the microphone. The data presented here represent the current noise floor of the test 
seetton with a microphone support stmt installed. The background noise levels above 120 knots could 
probably be reduced by: 1) improvements to the support stmt, 2) improvements to the microphone wind 

e f?^ nS1 ^ °[ th , e Iow r P m °P eratin g regime of the fan drive. Future work will concentrate 
on items (1) and (3). The background noise levels below 120 knots could probably be reduced by acous- 
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tically treating certain comers in the circuit (see ref. 16) or by operating the fans at lower rotational speeds 
than were used in this study. 

Preliminary measurements of sound absorption by the test-section lining indicate that the 1 52-mm 
thick lining will adequately absorb test-section model noise at frequencies above 300 Hz. 
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TABLE 1.- FAN GEOMETRY AND 
OPERATION LIMITS 



Rotor 

Stator 


15 

23 

Diameter 

12.2 m 

12.2 m 

Hub-tip ratio 


wmm 

Root chord 

1.23 m 

m&m 

Tip chord 


EKmeSI 

Twist, root to tip 

41.4° 

5.3° 

Maximum rpm 







TABLE 2.- TEST SECTION ACOUSTIC LINING SPECIFICATIONS 


Lining depth 

152 mm 

Fiberglass type 

Owens Coming 733 

Fiberglass density 

48 kg/m3 

Fiberglass flow resistivity 

23,622 mks rayls/m (ref. 8) 
27,000 mks rayls/m (ref. 19) 

Cloth type 

Uniglass 7500-50 untreated fiberglass 
cloth (0.32 kg/m^) 

Cloth flow resistance 

13 mks rayls (estimate) 

Perforated plate material (walls) 

16 ga galvanized steel (1.5 mm thick) 

Perforated plate material (floor) 

3.18 mm thick galvanized steel 

Perforated plate hole geometry 

3. 18 mm dia holes, 40% open area 

Floor grating material 

1 1 ga steel (3.0 mm thick) 

Floor grating geometry 

38 mm deep bars spaced 30.2 mm 
center to center in rectangular grid 
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b) Circuit plan. (VS stands for vane set.) 
Figure 1.- Concluded. 
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VIEWA-A SIDE VIEW 

LOOKING DOWNSTREAM 


b) Schematic 

Figure 2.- Wind tunnel drive fans. 
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b) Vortex generators as installed at an angle of attack of 15° at a distance of 3.40 m downstream of the test 

section. 

Figure 3.- Geometry of eight vortex generators in the primary diffuser of the 40 x 80 Foot Wind Tunnel; 

from ref. 7. 
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a (NORMAL) 



a) Lining cross section and sound absorption 



b) View looking downstream in test section. Flow survey rig installed. 
Figure 4.- Test-section acoustic lining. 
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-Original pact? to 
D * QUALITY 



a) Photo 

Figure 5.- Microphone strut. 
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PEDESTALS BELOW 

AERODYNAMIC 

SURFACE 


MICROPHONE CABLE MATERIAL: ALUMINUM ALLOY 

PASSES INSIDE STRUT ALL AIRFOIL SECTIONS ARE NACA 0015 

b) Schematic 

Figure 5.- Concluded. 
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DIFFUSER 



INLET 

LINING 


RAMP 


WIND 


1.8 m 

~Y 

\microphone 

STATION #1 



PLAN VIEW 


Figure 6.- Microphone locations in the test section. The microphone was moved from station #1 to 

station #2. 
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216 mm 



STING FAIRING 
CROSS SECTION 
NACA 0024 


T 

TIP FAIRING 
CROSS SECTION 
NACA 0024 


30 mm 


TRUNCATED 
jjr_ TRAILING 

EDGE 

* 

WING CROSS SECTION 51 mm 


603 mm ► 



-13.0 m 


„STING FAIRING 

JL 


WING 
TIP FAIRING 


MAIN STRUT 
FAIRING 


■ 305 mm 


■ 686 mm 


OK. 


610 mm 
203 mm 



TIP 

FAIRING 


1^62 mm 
diam. 




203 mm 
diam. 



T 


t 610 

I mm 
2.8 m 


4.6 m 


PROBE 

STING FAIRING 
WING 

TIP FAIRING 
62 mm diam. 

203 mm diam. 

STRUT TIP 
790 mm 

MAIN STRUT 
FAIRING 


MTTTTTTTTTT 


_1.7 m 

HTTlTTTfTT! fH I 1 ' I 1 


Figure 7.- Wind tunnel flow survey rig. 
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(b) U = 54 knots (M = 0.08), N = 90, 0 = 16° 



Figure 9.- Empty test-section noise spectra 10-20 kHz measured at station #1 for several airspeeds. 
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(f) U = 191 knots (M = 0.29), N = 180, 0 = 32° 
Figure 9.- Continued. 
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(g) U = 234 knots (M = 0.35), N = 180, 0 = 40° 



(h) U = 274 knots (M = 0.40), N = 180, 0 = 48° 

Figure 9.- Concluded. 
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Figure 10.- Empty test-section noise spectra 10-1 kHz measured at station #1 for several airspeeds. 
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(h) U = 234 knots (M = 0.35), N = 180, 0 = 40° 



(i) U = 274 knots (M = 0.40), N = 180, 0 = 48° 
Figure 10.- Concluded. 
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L n (f).dB 



FREQUENCY, kHz 

Figure 1 1.- A comparison of acoustic spectra measured upstream (station #1) and downstream (station #2) 
in the empty test section; U = 117 knots (M = 0.18), N = 180, p = 18°. 
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51 mm FIBERGLASS ON 
BOTH SIDES OF SEPTUM 



WEST 

WALL 


COURTYARD OF 
40- BY 80-FOOT 
WIND TUNNEL 
CIRCUIT 


POSITION OF FLAPS 
FOR OPERATION OF 
40 BY 80 FOOT 
WIND TUNNEL 

FLAPS LEFT OFF THESE 
VANES TO EASE TURNING 
OF AIR INTO CORNER 


VS #7 INCLOSED POSITION 


THIS COLUMN OF VANES IS PERMANENTLY 
FIXED IN OPEN POSITION TO SERVE AS 
EXHAUST PORTS FOR AIR-EXCHANGER 


Figure 12.- Acoustically treated vanes which 


comprise vane set 6 (first vane set downstream of the drive 
fans). 
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1/3 OCT BAND FREQUENCY, Hz 

Figure 13.- Noise reduction of the acoustically treated vane set 6 as measured in the west and south legs of 

the circuit; N = 175, (3 = 0°. 




1/3 OCT BAND FREQUENCY, Hz 
(c) U = 75 knots (M = 0.1 1 ), N = 90. 0 = 24° 

Figure 14.- Empty test-section third-octave band noise spectra measured at station #1 for several airspeeds 

(equivalent to narrow band spectra in figures 9 (a)-(h)). 
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(g) U = 234 knots (M = 0.35), N = 180, 0 = 40° 



50 200 800 3150 12500 

1/3 OCT BAND FREQUENCY, Hz 
(h) U = 274 knots (M = 0.40), N = 180, 0 = 48° 


Figure 14.- Concluded. 
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N, rpm 




(b) 80 Hz THIRD-OCTAVE BAND 


Figure 15.- Noise in the west leg downstream of fan drive versus test-section airspeed. Fan bluie pitch 

was varied; fan speed was held at 90, 135, or 1 80 rpm 
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Figure 16.- Test-section noise variation with airspeed; microphone at station #1 in the empty tc^t section. 
Fan blade pitch was varied; fan speed was held at 90, 135, or 1 80 rpm 


3 ' 
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Figure 17.- A comparsion of west-leg and test-section noise variation with test- section airspeed at 180 rpm 

fan speed; 800 Hz third-octave band. 



Figure 18.- Fan sound power variation with test-section airspeed. Blade pitch angle (P) and fan drive 
electrical consumption (MW) are noted. The solid lines correspond to fan operation at constant 
rotational speed, the dashed lines correspond to operation at constant pitch. 
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0 50 100 150 200 250 300 

AIRSPEED, knots 


Figure 19.- Fan acoustic efficiency (acoustic power/electrical power consumption, both in Watts). 



1/3 OCT BAND FREQUENCY, Hz 

Figure 20.- Fan-drive third-octave sound power spectrum as measured and predicted using empirical 

equation (6); N = 180, P = 32°. 
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WIND TUNNEL 

D LANGLEY 14- BY 22-FOOT (OPEN JET) 14 
C. AMES 7- BY 10-FOOT #1 (CLOSED JET) 15 
Q DNW 8- BY 6-m (OPEN JET) 8 
V RAE 1.5 m (OPEN JET) 16 



AIRSPEED, knots 
(b) 2500 Hz THIRD-OCTAVE BAND 

Figure 21.- A comparison of in-flow background noise versus airspeed from five wind tunnels. 
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